Introduction
============

Soft tissue sarcomas (STS) represent a fairly rare and heterogeneous set of connective tissue tumors, including over 50 different histological subtypes with diverse clinical behavior, response to systemic therapy, and overall outcome.[@b1-cmar-10-207] The backbone of standard treatment for localized disease involves surgery with clear margins with neoadjuvant or adjuvant radiotherapy.[@b2-cmar-10-207]

Nevertheless, even if an optimal local control is achieved, recurrences do happen in about 50% of patients with initially high histological grade cancers. The outcome of patients who either present with or develop metastatic disease is generally poor with the overall survival (OS) ranging between 12 and 18 months.[@b3-cmar-10-207] The results of a Phase II study with the addition of olaratumab to doxorubicin (a monoclonal antibody that targets platelet-derived growth factor \[PDGF\] receptor alpha and blocks binding of factors PDGF-AA, -BB)[@b4-cmar-10-207] have shown a statistically significant improvement in progression-free survival (PFS) of up to 6 months with an increase in OS to 26.9 months.[@b5-cmar-10-207] First-line chemotherapy with doxorubicin stands as a palliative option, conferring a clinical benefit to almost half of the patients.[@b6-cmar-10-207]

Unfortunately, the durability of response to first-line chemotherapy is brief with a median PFS between 3 and 7 months.[@b7-cmar-10-207] For those who are still fit to have further chemotherapy, available second-line treatment options are trabectedin, pazopanib, and doublet of gemcitabine/docetaxel, which have expanded the therapeutic portfolio available to treat metastatic STS.[@b8-cmar-10-207],[@b9-cmar-10-207]

In the past, the clinical impact of novel drugs in the most common sarcoma subtypes has not been well determined. Because many histological subtypes of STS are represented in clinical trials, it can be challenging to determine whether the clinical outcomes are related to a specific sarcoma subtype and thus interpretation of the results has been challenging.[@b10-cmar-10-207] Currently, more emphasis is given on focused, tailored therapy according to histological subtypes.[@b11-cmar-10-207] However, there are few data showing an OS benefit for any systemic therapy.[@b12-cmar-10-207]

[Figure 1](#f1-cmar-10-207){ref-type="fig"} shows the chemical structures of eribulin (C~40~H~59~NO~11~)[@b13-cmar-10-207] from halichondrin B (C~60~H~86~O~19~), a compound isolated from a natural marine sponge.[@b14-cmar-10-207] Its mechanism of action is dual -- via tubulin-based antimitotic mechanism, it blocks G2 phase (second subphase of interphase) and M phase (mitosis) and disrupts the mitotic spindle formation in the cell cycle. Moreover, through prolonged mitotic blockage, it causes apoptosis of cancer cells.[@b15-cmar-10-207]

The approval of the drug for stage IV metastatic breast cancer was based on the results of a Phase III trial that randomized women to receive either eribulin or an investigator's choice of chemotherapy.[@b16-cmar-10-207] When compared to the physician's treatment of choice in previously treated locally recurrent and metastatic breast cancer, eribulin showed an improvement in OS of 2.5 months, which was statistically significant.[@b16-cmar-10-207] Eribulin was approved for STS as a result of a subsequent Phase III study that recruited only non-operable or metastatic patients with STS subtypes of leiomyosarcoma (LMS) and liposarcoma (LPS).[@b17-cmar-10-207] A statistically significant improvement of 2 months in median OS for patients who received eribulin was observed when compared to dacarbazine (DTIC).[@b17-cmar-10-207] There was no significant benefit found with respect to PFS.[@b17-cmar-10-207]

The main aim of this review was to evaluate the potential role of eribulin in certain histological subtypes of STS with particular focus on the results of the abovementioned Phase III trial.

Preclinical development and mechanisms of action of eribulin
============================================================

Eribulin mesylate is a non-taxane agent, which is a structurally simplified, completely synthetic novel analog of a naturally occurring chemical compound halichondrin B, initially purified from the Japanese marine sponge *Halichondria okadai* in 1986.[@b18-cmar-10-207] Unlike other antitubulin agents, it has a completely distinct mechanism of action. It binds to the plus ends of microtubules with high affinity -- which are polymers made from α- and β-tubulin proteins -- preventing cross-link formations and it inhibits microtubule polymerization without decreasing microtubule length and without affecting depolymerization.

In addition, it also precipitates the sequestration of tubulin into non-functional aggregates. Eribulin inhibits microtubule dynamics via a novel mechanism of action. By inhibiting mitotic spindle formation, it causes irreversible mitotic block that leads to cell cycle arrest in the G~2~--M phase and apoptosis.[@b19-cmar-10-207],[@b20-cmar-10-207] As a result, it interferes with mitotic spindle formation and stops cancer cell growth. Apoptosis is subsequently triggered following a prolonged and irreversible mitotic blockade. Posttranslational modifications of the antiapoptotic BCL-2 family member proteins occur during prolonged mitotic arrest.[@b21-cmar-10-207] This takes place either via phosphorylation of BCL-2 protein or via ubiquitination and subsequent proteasomal degradation with *MCL-1* gene that has previously been reported to result in inhibition of their antiapoptotic function.[@b21-cmar-10-207] Eribulin causes mitotic arrest prior to BCL-2 and BCL-xL phosphorylation, MCL-1 downregulation, and onset of apoptosis.[@b21-cmar-10-207] Data support that phosphorylation inactivates anti-apoptotic BCL-2 proteins during mitotic arrest and as such is a key regulatory feature of mitotic death.[@b21-cmar-10-207] Both the loss of MCL-1 expression and the functional loss of BCL-2 and BCL-xL are controlled by phosphorylation.[@b21-cmar-10-207] These two events are counterbalanced mechanisms obligatory in the coordination of the inactivation of each other through phosphorylation.[@b21-cmar-10-207] As a result, it can be postulated that disruption of this balance and unequivocal phosphorylation of these protein members is postulated as a mechanism of drug resistance.[@b21-cmar-10-207],[@b22-cmar-10-207] Eribulin has shown potent antiproliferative activity against a broad range of human cancer cell lines and has been associated with tumor regressions and eliminations in a variety of well-established human tumor xenograft models.[@b23-cmar-10-207]

Beyond its antimicrotubule effect, eribulin is also involved in tumor vascular remodeling.[@b24-cmar-10-207] The hypoxic microenvironment created by abnormal tumor vasculature contributes to tumor progression, metastasis, and drug resistance. The abnormal tumor vasculature, together with tumor and stromal proliferation, results in a high interstitial tumor pressure, further impeding tumor perfusion and contributing to the hypoxic tumor environment.[@b25-cmar-10-207] The effect of eribulin on tumor vascular remodeling was demonstrated in human breast cancer xenograft models in nude mice.[@b25-cmar-10-207] The results revealed that eribulin altered the morphology of the tumor vasculature, leading to increased aggregate surface area of the microvasculature, thus explaining the increased tumor perfusion following eribulin treatment.[@b25-cmar-10-207] An increase in the number of microvessels and subsequent tissue perfusion were observed in eribulin-treated tumors. These changes to the microenvironment alleviate tumor-induced hypoxia and may possibly enhance the efficacy of subsequent drug therapies through the reduction of hypoxia-driven chemoresistance and enhancement of intratumoral delivery of drugs. Eribulin can induce cellular differentiation in LPS and LMS but not in a complete manner.[@b26-cmar-10-207] Results from both SW 872 LPS and SK-UT-1 LMS cell lines indicate that eribulin treatment induces cellular differentiation down the adipocyte and smooth muscle pathways.[@b26-cmar-10-207] In addition to the improvement in vascular perfusion, the differentiation-related phenotypic changes observed imply that eribulin may make tumors less aggressive, as degree of differentiation and severity of malignancy are known to be inversely correlated.[@b26-cmar-10-207]

Tumor microenvironments consist of many non-malignant cells and control vascular architecture.[@b27-cmar-10-207] In xenograft models, the mechanisms underlying the effects of eribulin on nonmalignant host (murine) cells were explored by conducting quantitative reverse transcriptase polymerase chain reaction (qRT-PCR)-based gene expression profiling of mouse-derived tumor stroma.[@b25-cmar-10-207] After analysis of 84 genes associated with angiogenesis regulatory pathways based on known expression in endothelial cells or pericytes, as well as 43 epithelial mesenchymal transition (EMT)-related mesenchymal or epithelial marker genes, it was shown that following eribulin treatment, expression levels of 29 murine genes involved in angiogenesis regulatory pathways were significantly reduced in xenografts in a dose-dependent manner.[@b25-cmar-10-207]

Eribulin acts as a potent antivascular drug by decreasing the expression of signaling pathways involved in pericyte-driven angiogenesis (vascular endothelial growth factor, Wnt, Notch, and ephrin). Although no EMT-related epithelial marker genes showed significantly altered expression after eribulin treatment in xenograft models, 13 EMT-related mesenchymal marker genes showed decreased expression after eribulin treatment in both models.[@b25-cmar-10-207] The results show that eribulin had an effect on gene expression in signaling pathways related to angiogenesis and EMT in the tumor stroma and reduced the degree of hypoxia. The protein levels of key EMT/mesenchymal epithelial transition (MET) markers behaved similarly to mRNA expression patterns: eribulin increased the levels of E-cadherin protein, while decreasing the levels of N-cadherin and vimentin proteins.[@b28-cmar-10-207] The results of these morphological observations together with gene and protein expression patterns suggest that eribulin caused reversion of EMT and induction of MET in STS and triple negative breast cancer cells.[@b28-cmar-10-207],[@b26-cmar-10-207]

It is known that transforming growth factor-β (TGF-β) enhances phosphorylation of receptor-regulated Smad2 and Smad3 proteins, resulting in enhanced complexing with Smad4.[@b29-cmar-10-207] Translocation of the resulting complex into the nucleus activates the transcription of essential EMT-related genes, including TWIST1, SNAI1, SNAI2, ZEB1, and others.[@b29-cmar-10-207],[@b30-cmar-10-207] In xenograft models, eribulin had three significant effects on EMT/MET transition: 1) it reversed the observed phenotype from the previously induced spindle-like EMT morphology to the original cuboidal morphology typical of TGF-β-untreated cells; 2) it upregulated mRNA expression levels of epithelial marker CDH1, while downregulating several mesenchymal markers; and 3) it significantly decreased TGF-β-induced phosphorylation of Smad2 and Smad3.[@b28-cmar-10-207] This suggests that eribulin at least partially induced MET due to downregulation of the TGF-β/Smad pathway.[@b28-cmar-10-207]

Other drugs used in the treatment of STS, with similar effect but not the same mechanism of action as eribulin, include the taxanes and especially docetaxel alone or in combination with gemcitabine. The mechanism of action of docetaxel involves the promotion of microtubule assembly, inhibition of microtubule polymerization, and attenuation of the effects of BCL-2 and BCL-xL gene expression.[@b31-cmar-10-207] Taxane-induced microtubule stabilization arrests cells in the G2M phase of the cell cycle and induces BCL-2 phosphorylation, leading to a cascade of events that eventually cause apoptotic cell death.[@b31-cmar-10-207] Docetaxel has an inhibitory effect on endothelial cell migration, differentiation, or proliferation of cancer cells by promoting apoptosis.[@b31-cmar-10-207] However, there are other antitumor cytotoxic drugs that inhibit endothelial cell migration, such as cisplatin, cyclophosphamide, doxorubicin, and methotrexate.[@b32-cmar-10-207] Taxanes are unique as suitable antiangiogenic drugs in that they target the endothelial cells by specifically binding to endothelial cell receptors with higher affinity at a dose that does not affect the other normal cells.[@b33-cmar-10-207] Docetaxel and paclitaxel have a different effect on different types of tumors (eg, prostate, lung, gastric tumors, or STS), and they inhibit to variable extent the secretion of vascular endothelial growth factor for each of these cancer cell types.[@b33-cmar-10-207] Although a clear additive effect cannot be excluded, it is suggestive from evidence that docetaxel in combinatorial treatment has a possible synergistic result when clinical response rates have been compared.[@b34-cmar-10-207] The combination of doxorubicin and ifosfamide, a well-known regimen in the treatment of STS, on the other hand, has an additive effect rather than a synergistic effect.[@b35-cmar-10-207] Lastly, mechanisms of resistance to taxanes occur through EMT in a similar process as to that described earlier for eribulin. There are two additional important mechanisms of resistance: induction of P-glycoprotein encoded by multidrug resistance protein 1 gene and mutations of beta-tubulin.[@b36-cmar-10-207]

Phase I trials of eribulin
==========================

Four Phase I trials, three in Western countries and one in Japan, have been carried out to assess the toxicity-specific profile of eribulin. All Phase I, II, and III eribulin trials are shown in [Table 1](#t1-cmar-10-207){ref-type="table"}.[@b37-cmar-10-207]--[@b39-cmar-10-207] The primary Phase I trial that evaluated eribulin focused on the safety of advanced and refractory solid tumors and was designed with guided dose escalation accompanied by real-time pharmacokinetics (PKs).[@b40-cmar-10-207] The baseline dose was 0.125 mg/m^2^/week intravenously (iv). The dose-limiting toxicity (DLT) was observed at 2.0 mg/m^2^/week subsequent to the development of grades 3 and 4 neutropenia, respectively, in two patients.[@b40-cmar-10-207] The maximum tolerated dose (MTD) was set at 1.4 mg/m^2^/week.[@b40-cmar-10-207] A second Phase I trial determined the dosing of eribulin at 0.25 mg/m^2^ as 1 h iv infusions on days 1, 8, and 15 of a 4 week cycle.[@b37-cmar-10-207] The MTD of eribulin was determined at 1.0 mg/m^2^. At 1.4 mg/m^2^, neutropenia (grade 4 in two patients and grade 3 in three patients) was the principal DLT.[@b37-cmar-10-207] Fatigue (53% overall) and nausea (41% overall) were the most frequent adverse effects (AEs).[@b37-cmar-10-207] A third Phase I trial determined the MTD of eribulin to be 2.0 mg/m^2^ when administered as an 1 h iv infusion in 3 week cycles.[@b38-cmar-10-207] Finally, a Japanese Phase I trial demonstrated manageable tolerability of eribulin at 1.4 mg/m^2^ when treatment was given on days 1 and 8 of a 3 week cycle.[@b39-cmar-10-207] Neutropenia was again the principal DLT of all the trials. As a result, from these Phase I trials, the recommended dose of eribulin for further clinical evaluation was set at a concentration of 1.4 mg/m^2^. However, administration of eribulin on days 1, 8, and 15 of a 4 week cycle was found difficult to tolerate, as neutropenia often limited its administration on day 15.[@b41-cmar-10-207] As a result, the regimen was modified to a 3 week cycle with eribulin given on days 1 and 8, and this schedule was, therefore, established as standard to move forward on Phase II and Phase III trials.[@b42-cmar-10-207]

In humans, eribulin has a rapid distribution phase followed by a prolonged elimination phase, with a mean terminal half-life of about 40 h.[@b37-cmar-10-207],[@b38-cmar-10-207] PK studies of eribulin showed that the elimination of the drug mostly follows a three-phase elimination with an initial rapid distribution in the central compartment and later a two-phase elimination.[@b43-cmar-10-207] In patients with adequate liver and renal functions, eribulin clearance was estimated at 2.98 L/h (central volume of distribution was 3.72 L and volumes of two peripheral compartments were 3.60 L and 126 L) and inter-compartmental clearances at 2.7 L/h and 5.6 L/h.[@b40-cmar-10-207] However, interpatient drug clearance variability (mean 57%, range 26%--98%) was described across studies, which was attributed to inter-individual variation.[@b40-cmar-10-207]

Any degree of liver impairment decreases drug elimination and clearance, prolonging elimination half-life and thus systemic exposure to eribulin. It is, therefore, recommended to decrease eribulin dose according to the Child--Pugh hepatic impairment classification.[@b43-cmar-10-207] For mild hepatic dysfunction (class A), the dosage is 1.1 mg/m^2^, while for moderate hepatic impairment (class B), it is 0.7 mg/m^2^.[@b43-cmar-10-207] Eribulin must be avoided in patients with severe hepatic impairment (Child--Pugh class C).[@b43-cmar-10-207] Renal impairment also decreases drug clearances and prolongs exposure, and it is, therefore, recommended to reduce the dosage of eribulin to 1 mg/m^2^ in patients with moderate (creatinine clearance \[CrCl\] 30--50 mL/min) and severe (CrCl 15--30 mL/min) renal impairment.[@b44-cmar-10-207] After normalizing for body weight, CrCl had no effect on eribulin clearance.[@b44-cmar-10-207]

Population PK analyses showed that eribulin clearance is affected by levels of serum albumin, alkaline phosphatase, and bilirubin.[@b45-cmar-10-207] The effects of age, sex, race, and concomitant medications (cytochrome P450 inhibitors and inducers) on clearance were not significant.[@b44-cmar-10-207]

Phase II trials of eribulin in STS
==================================

A Phase II open-label trial of eribulin in recurrent STS (of intermediate or high grade) was conducted by the Euro-pean Organisation of Research and Treatment of Cancer (EORTC).[@b46-cmar-10-207] Patients were eligible for enrollment in the study if they had received previously one line of combination chemotherapy or up to two lines of treatment with monotherapy for advanced disease. The EORTC trial did not include patients with embryonal rhabdomyosarcoma, chondrosarcoma, osteosarcoma, Ewing's tumors, gastrointestinal stromal tumors, dermatofibrosarcoma protuberans, and inflammatory myofibroblastic tumors.[@b46-cmar-10-207]

Recruited patients were divided into four strata: LPS, LMS, synovial sarcoma (SS), and others. PFS at 12 weeks was set as the primary endpoint of the trial. Eribulin treatment was given iv at a dose of 1.4 mg/m^2^ for about 2--5 min at days 1 and 8 of a 3 week cycle. Disease response to therapy was assessed through imaging using response evaluation criteria in solid tumors (RECIST) 1.0. In total, 128 patients were recruited and 115 patients were eligible for analysis.[@b46-cmar-10-207]

Patients' median age was 56.7 years and the median time interval from initial diagnosis was 2 years. In regards to histology, 37 patients had LPS (24 dedifferentiated, four pleomorphic, and six myxoid/round-cell LPSs, two not otherwise specified, and one unknown), 40 patients had LMS (11 with uterine origin), 19 patients had SS, and 32 patients had other types of STS.[@b46-cmar-10-207] With greater than 600 treatment cycles administered to 127 patients, a median number of four cycles of treatment was administered to each patient. The 12-week progression-free rates (PFRs) were 31.6%, 46.9%, 21.1%, and 19.2%, respectively, for LMS, LPS, SS, and the other subtypes.[@b46-cmar-10-207] The median PFS was 2.6 months (95% confidence interval \[CI\]: 1.7--6.2) for patients with LPS, 2.9 months (95% CI: 2.4--4.6) for those with LMS, 2.6 months (95%CI: 2.3--4.3) for SS, and 2.1 months (95% CI: 1.4--2.9) for other subtypes.[@b46-cmar-10-207]

The toxicity of eribulin observed in the aforementioned study was in line with the reported toxicities from the previous Phase I trials with only 6% of recorded grade 3 febrile neutropenia and 6% of grade 3--4 thrombocytopenia.[@b46-cmar-10-207] There was no intervention necessary for the events of neutropenia and thrombocytopenia reported as they self-resolved. Other common non-hematological treatment-associated adverse events reported were fatigue, alopecia, nausea, and sensory neuropathy.[@b46-cmar-10-207] Six patients discontinued treatment because of neurotoxic effects, though patients with previous grade 2 sensory neuropathy were allowed to enroll in the trial.[@b46-cmar-10-207] One-third (33%) of 127 patients involved in the trial received eribulin at full dose with no further dose modifications. For the rest of the patients (67%), toxicity management included dose reductions, dose delays, or both. Specifically, 33 (26%) of the patients had treatment delays, 15 (12%) required dose reductions, and 37 (29%) required both delays and dose reductions.[@b46-cmar-10-207]

In a similar fashion, another open-label, multicenter, Phase II trial conducted in Japan that evaluated the safety and efficacy of eribulin in pretreated STS patients has been recently published. Once again, the primary endpoint of this trial was progression free rate (PFR) at 12 weeks. Secondary endpoints included OS, PFS, and safety. Efficacy analysis took place according to histology.[@b47-cmar-10-207] In this trial design, there were two groups of patients, one consisting of LPS and LMS patients and the second including all other STS subtypes.[@b47-cmar-10-207] Patients received eribulin mesilate 1.4 mg/m^2^ iv over 2--5 min on days 1 and 8 of a 3 week cycle. Overall, 52 patients were enrolled and 51 patients were treated. The study recruited 35 patients with LPS/LMS who had characteristics similar to the 16 patients with other histological subtypes. The only exception was the higher percentage of women than men (63% vs 38%) and patients with a performance status (PS) of 0 according to Eastern Cooperative Oncology Group compared to all others (57% vs 44%).[@b47-cmar-10-207] PFS rate at 12 weeks was 60% in patients with LPS/LMS, 31% in other subtypes, and 51% overall.[@b47-cmar-10-207] Median PFS survival was 5.5 months in LPS/LMS patients, 2.0 months in other subtypes, and 4.1 months overall.[@b47-cmar-10-207] Median OS was 17.0 months in patients with LPS/LMS, 7.6 months in other subtypes, and 13.2 months overall. The most common grade 3--4 AEs were neutropenia (86%), leukopenia (75%), lymphopenia (33%), anemia (14%), and febrile neutropenia (8%).[@b47-cmar-10-207] It was shown that eribulin had clinical activity with manageable side effects in Japanese patients who were previously treated for advanced/metastatic STS.[@b47-cmar-10-207]

Phase III trials of eribulin in STS
===================================

The data from the Phase II trial in STS met the primary endpoint with promising results in LMS and LPS. This led to the initiation of the Phase III trial randomizing eribulin and DTIC in LPS and LMS of intermediate or high grade. Patients previously treated with at least two lines of chemotherapy were randomized to receive either eribulin 1.4 mg/m^2^ iv on days 1 and 8 every 3 weeks or DTIC 800--1200 mg/m^2^ on day 1 every 3 weeks (subject to investigator's choice).[@b17-cmar-10-207] The response was assessed using RECIST 1.1. The primary endpoint was OS with selected secondary endpoints, including PFS and PFRs at 12 weeks.[@b17-cmar-10-207]

From a total of 594 patients who were screened, 452 patients were randomized. Both randomized groups of patients were equivocal with respect to clinical characteristics. Most of the patients (78.8%) were under the age of 65 years with a good PS. LPS and LMS groups accounted for 67.7% and 33.8% of cases, respectively.[@b17-cmar-10-207] In the LMS subgroup, 43.1% of cases were uterine in origin.[@b17-cmar-10-207] The study cohort was heavily pretreated, with 45.8% of patients having received more than two prior lines of therapy.[@b17-cmar-10-207] Three hundred and fifty-one patients (77.7%) received anthracycline before enrollment.

Between the two study arms, there was a statistically significant difference in survival (median OS: eribulin, 13.5 months; DTIC, 11.5 months; hazard ratio \[HR\]: 0.768; 95% CI: 0.618--0.954, *P*=0.0169).[@b17-cmar-10-207] However, there was no significant difference in median PFS (2.6 months for both eribulin and DTIC; HR: 0.877; 95% CI: 0.710--1.085, *P*=0.2287).[@b17-cmar-10-207] In addition, the response rates when the two agents were compared were found to be nonsignificant (overall response rates 3.9% vs 4.9%; stable disease 52.2% vs 47.8%).[@b17-cmar-10-207] In the preplanned OS subgroup analysis, LPS patients benefited from eribulin treatment (15.6 vs 8.4 months; HR: 0.511; 95% CI: 0.346--0.753) compared to LMS patients (12.7 vs 13.0 months; HR: 0.927; 95% CI: 0.714--1.203).[@b17-cmar-10-207] The benefit from eribulin chemotherapy was observed across all LPS subtypes, favoring dedifferentiated and pleomorphic LPS histologies. Furthermore, PS was also found to be a prognostic factor in this study. Patients with a PS of 0 had a better survival outcome with eribulin (19.9 vs 13.1 months; HR: 0.579; 95% CI: 0.407--0.823) when compared to those with a PS of 1--2 (9.2 vs 9.9 months; HR: 1.09; 95% CI: 0.82--1.44).[@b17-cmar-10-207]

No unexpected or previously unreported toxicity was documented for either drug in this randomized trial. Grades 3 and 4 AEs were observed in 38.9% and 23.9% of patients receiving eribulin and in 35.7% and 19.2% of patients receiving DTIC.[@b17-cmar-10-207] In both groups, neutropenia, fatigue, and nausea were the most commonly observed AEs.[@b17-cmar-10-207] Only four (1.8%) patients developed ≥grade 3 sensory neuropathy with eribulin. Death of two patients was ascribed to eribulin (one neutropenic sepsis and one septic shock).[@b17-cmar-10-207]

Discussion
==========

Eribulin is an inhibitor of microtubules, demonstrating controllable AEs across several clinical studies, and the United States Food and Drug Administration (US FDA) approved its use in women with stage IV breast cancer previously treated with anthracyclines or taxanes. Recently eribulin has been licensed as well in patients with metastatic or non-operable LPS who had received prior chemotherapy with anthracycline- containing medication.[@b48-cmar-10-207],[@b49-cmar-10-207] The Phase III trial in LPS and LMS published by Schöffski et al showed that eribulin treatment resulted in a statistically significant survival benefit in patients who had received anthracyclines and one or more lines of treatment.[@b17-cmar-10-207] This study, despite the OS benefit, did not show any significance in PFS. Furthermore, when within group analysis took place for histology, it was found that the LPS patients contributed to the benefit in OS seen and not those with the LMS subtype. Interestingly, in a similar fashion, the breast cancer Phase III trial demonstrated OS benefits, but no improvement in PFS was observed.[@b50-cmar-10-207]

The explanation of this phenomenon is not clear and some suggestions are discussed as follows. Although the starting dose of DTIC varied according to the investigator's choice, post hoc analysis showed no significant impact on survival. Both eribulin and DTIC demonstrated similar response rates and, therefore, support the findings of similar PFS.

It can be argued that post-trial treatments may contribute to differences in OS. However, the initiation of any post-trial therapy was comparable between the two arms of the study, apart from a higher number of patients of the eribulin arm who crossed over to receive DTIC (34.2% vs 7.6%, respectively).

A difference was found in OS without any difference in disease progression according to RECIST in both breast and sarcoma cancers. This might suggest that the effect of eribulin on OS could be related to modifications that the drug causes in the tumor microenvironment. It is well established that anti-microtubule drugs might be involved indirectly in targeting tumor angiogenesis via two postulated mechanisms: either by preventing neovascularization or by disrupting the already neoplastic tumor vessels.[@b25-cmar-10-207] Preclinical data in breast cancer and STS cell lines have suggested that the mechanism of action of eribulin on angiogenesis is different from the other anti-microtubule drugs. It does not disrupt the preexisting vasculature and does not inhibit neoplastic microvessels, but supports their normalization into vessels with architecture that stops leakage and increases tumor perfusion. This alteration in perfusion on the tumor bed results in higher drug actions in previously not reached microenviroment with prevention of cell metastasis.[@b25-cmar-10-207] Lastly, eribulin has been shown to disrupt metastasis in vitro and in vivo by altering EMT.[@b25-cmar-10-207]--[@b28-cmar-10-207],[@b51-cmar-10-207],[@b52-cmar-10-207] Taken all together, it can be postulated that patients who were previously treated with eribulin were sensitized to post-trial therapies, thereby providing an explanation for the increased survival, despite no significant difference in PFS.[@b53-cmar-10-207]

Another interesting finding of the Phase III trial in STS is the absence of survival benefit in the LMS patients. This may be due to a different response of LMS to DTIC. A prior study that used DTIC as second- and third-line treatments in STC patients did not reveal any activity in the seven patients with LPS. Out of the 14 patients with LMS, two patients showed partial response and two had stable disease. Actually, of the total three patients with partial response, two had LMS histology of different STS types. As explained previously, in the Phase III STS study of eribulin, patients who progressed crossed over to receive DTIC. Exposure to DTIC may have, therefore, achieved an OS benefit from the LMS cohort of patients.[@b53-cmar-10-207]

There are two other new agents, trabectedin and pazopanib, that have been studied in Phase III trials and have been approved by the US FDA and European Medical Association (EMA) for STS in the US and Europe.[@b54-cmar-10-207],[@b55-cmar-10-207] Trabectedin was compared to DTIC in patients with LPS or LMS who had received doxorubicin and at least one other prior line of treatment. In contrast to the eribulin Phase III trial, there was a PFS benefit observed, but no OS advantage was documented. The PALETTE study,[@b55-cmar-10-207] which tested pazopanib -- an oral multi tyrosine kinase inhibitor -- versus placebo in refractory sarcoma demonstrated PFS but no OS advantage. The PALETTE study, [@b55-cmar-10-207] however, excluded STS patients with adipocytic sarcomas, because in the Phase II trial, this group did not show any response, and as a result the PFS benefit with pazopanib remains for all other types of STS.

Similarly, the Phase III data of eribulin followed the cohorts of the Phase II study and was not extended to other STS subtypes as the primary end point was not met.[@b17-cmar-10-207],[@b46-cmar-10-207] The efficacy of eribulin in STS prolonged OS with no effect on PFS. So, eribulin, trabectidin, and pazopanib offer different benefits in patients with certain histologic STS subtypes and in whom specific treatment goals have to be reached.[@b9-cmar-10-207]

Although historically the prolongation of survival is of the highest importance for the primary end points in drug trials, the control of disease has also been acknowledged as a reasonable outcome for a treatment, in virtue of providing management of symptoms related to disease, such as shortness of breath or pain. It must be noted at this point that trabectedin, pazopanib, and eribulin did not show significant response rate and decrease in tumor size, with only a small percentage of patients in the respective studies achieving a partial response: 9.9% with trabectedin, 6% with pazopanib, and 4% with eribulin.[@b17-cmar-10-207],[@b54-cmar-10-207],[@b55-cmar-10-207] However, there are considerable percentages of patients in the aforementioned trials who obtained clinical benefit from treatment. These findings are in contrast to well-documented trial results of studies that have used doxorubicin as first- and second-line treatments for STS, which have demonstrated partial responses and some complete responses in patients who were involved.[@b6-cmar-10-207],[@b8-cmar-10-207]

Regarding the use of eribulin in a combination regimen, in vitro data have suggested its synergy in combination with other agents. It has been postulated that eribulin may promote vascular perfusion of the tumor microenviroment. Its combination with other chemotherapeutic agents could have synergistic effects. By normalizing neovessels into vasculature that permits nutrient and oxygen perfusion to a higher extent, there is a greater chance for the drug to hit its target and reverse tumor growth, while preventing the hypoxic environment from adding further "mitogenic stress" on tumor cells. A Phase I study has combined gemcitabine with eribulin, and data for other novel combinations are awaited.[@b56-cmar-10-207],[@b57-cmar-10-207]

Conclusion
==========

The eribulin trial is the first Phase III trial in the past years that has shown a clinically significant, albeit moderate, survival benefit in the treatment of advanced STS of LPS histologies, and these results are considered encouraging. However, discrepancy between the PFS and OS results remains difficult to explain. Eribulin has recently been granted US FDA and EMA approval for the treatment of advanced LPS in patients pretreated with anthracycline chemotherapy.[@b58-cmar-10-207] It can be argued that the cost-effectiveness of the drug could be a potential obstacle to widespread use of eribulin, and this needs to be addressed in subsequent trials, including quality of life measurements. However, a Phase III trial has shown a significant survival benefit and an obvious question is the possible role of eribulin in the neoadjuvant/adjuvant setting and its role in the first-line setting compared to anthracycline therapy in LPS patients.[@b17-cmar-10-207] Further studies are required to evaluate putative biomarkers of response to eribulin and the role of this agent in early stage disease.
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###### 

Summary of Phase I, Phase II, and Phase III clinical trials of eribulin in soft tissue sarcoma

  Authors                             Patients on eribulin   Administration       Toxicity   Grade   Number of patients[\*](#tfn2-cmar-10-207){ref-type="table-fn"}                  
  ----------------------------------- ---------------------- -------------------- ---------- ------- ---------------------------------------------------------------- ---- --------- -------------
  **Phase I**                                                                                        **DLT**                                                               **MDT**   
  Synold et al[@b59-cmar-10-207]      40                     Bolus                D1,8,15    q28d    FN                                                               3    1         1.4 mg/m^2^
                                                                                                     Neutropenia                                                      4    1         
  Goel et al[@b37-cmar-10-207]        32                     1 h infusion         D1,8,15    q28d    Neutropenia                                                      4    2         1.0 mg/m^2^
                                                                                                     Fatigue                                                          3    1         
                                                                                                     Neutropenia                                                      3    3         
  Tan et al[@b38-cmar-10-207]         21                     1 h infusion         D1         q21d    FN                                                               4    3         2.0 mg/m^2^
  Mukohara et al[@b39-cmar-10-207]    15                     2--10 min infusion   D1,8       q21d    Neutropenia                                                      4    1         2.0 mg/m^2^
                                                                                                     FN                                                               3    1         
  **Phase II**                                                                                                                                                                       **Dose**
  Schöffski et al[@b46-cmar-10-207]   127                    2--5 min infusion    D1,8       q21d    Neutropenia                                                      3    66        1.4 mg/m^2^
                                                                                                     Leukopenia                                                       3    44        
                                                                                                     Anemia/fatigue                                                   3    9         
  Kawai et al[@b47-cmar-10-207]       51                     2--5 min infusion    D1,8       q21d    Neutropenia                                                      ≥3   44        1.4 mg/m^2^
                                                                                                     Leukopenia                                                       ≥3   38        
                                                                                                     Lymphopenia                                                      ≥3   17        
                                                                                                     Anemia                                                           ≥3   7         
                                                                                                     FN                                                               ≥3   4         
  **Phase III**                                                                                                                                                                      **Dose**
  Schöffski et al[@b17-cmar-10-207]   226                    2--5 min infusion    D1,8       q21d    Neutropenia                                                      ≥3   80        1.4 mg/m^2^
                                                                                                     Leukopenia                                                       ≥3   23        
                                                                                                     Anemia                                                           ≥3   18        
                                                                                                     Fatigue                                                          ≥3   7         
                                                                                                     Hypokalemia                                                      ≥3   6         

**Notes:** Dose-limiting toxicity and maximum tolerated toxicity in Phase I and toxicity in Phase II and III studies; route of administration was intravenous.

The actual number of patients who received eribulin in the trial who had toxicity ≥3. Gray shading indicates that the data apply only to Phase I trial toxicity.

**Abbreviations:** DLT, dose-limiting toxicity; MDT, maximum tolerated toxicity, FN, febrile neutropenia; q21d, cycle of 21 days; q28d, cycle of 28 days; D1, day 1 of the cycle; D1,8, days 1 and 8 of the cycle; D1,8,15, days 1, 8, and 15 of the cycle.
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